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Spinophilin, a protein that interacts with actin and protein phos-
phatase-1, is highly enriched in dendritic spines. Here, through the
use of spinophilin knockout mice, we provide evidence that spi-
nophilin modulates both glutamatergic synaptic transmission and
dendritic morphology. The ability of protein phosphatase-1 to
regulate the activity of «-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA) and N-methyl-p-aspartate (NMDA)
receptors was reduced in spinophilin knockout mice. Consistent
with altered glutamatergic transmission, spinophilin-deficient
mice showed reduced long-term depression and exhibited resis-
tance to kainate-induced seizures and neuronal apoptosis. In ad-
dition, deletion of the spinophilin gene caused a marked increase
in spine density during development in vivo as well as altered
filopodial formation in cultured neurons. In conclusion, spinophilin
appears to be required for the regulation of the properties of
dendritic spines.

Dendritic spines are specialized protrusions from dendritic
shafts that receive the vast majority of excitatory input in
the central nervous system (1). Dynamic changes in the number,
size, and shape of dendritic spines have been associated with
learning (2, 3), electrophysiological (4—6), developmental (7, 8),
and hormonal changes (9, 10). It is increasingly evident that
alterations in synaptic activity can cause morphological changes
of dendritic spines (2, 11-14): high-intensity stimulation of CA1
neurons induces rapid formation of spine-like protrusions (or
filopodia) (12), and decreased synaptic activity results in loss of
dendritic spines (14). Conversely, morphological changes in
dendritic spines have profound effects on their electrical and
biochemical properties (15-17), thereby regulating the efficacy
of synaptic transmission (13, 18, 19). However, with the excep-
tion of evidence that localization of glutamate receptors is
altered with neuronal activity (20, 21), little is known about the
molecular mechanisms underlying the linkage between synaptic
activity and the dynamic morphological changes of dendritic
spines.

Spinophilin, also called neurabin II (22), interacts with several
proteins that are highly enriched in spines (22, 23). One of them,
actin, is important for the formation, maintenance, and mor-
phology of spines (18). In vitro, spinophilin bundles actin fila-
ments (22), suggesting its possible role as one organizer of the
actin-based cytoskeleton in dendritic spines. Another binding
partner of spinophilin that is enriched in dendritic spines is
protein phosphatase-1 (PP-1) (23, 24). There is evidence that
PP-1 modulates the activity of a variety of ion channels, including
glutamate receptors (25-28). These properties of spinophilin
make it an attractive candidate for regulating the dynamic
morphological and functional changes that occur in dendritic
spines. To investigate the possible role of spinophilin in spine
formation and function, we used gene-targeting methods to
generate mice that lack the expression of spinophilin.

Methods

Generation of Spinophilin Knockout Mice. The targeting vector
consisted of a 3.5-kb left arm and a 4.0-kb right arm, derived

from genomic DNA flanking the first exon of spinophilin. A
1.1-kb neoR cassette was put in reverse orientation to replace the
4.2-kb BamHI fragment containing exon 1. The construct was
electroporated into RW4 cells (Genome Systems, St. Louis),
following the manufacturer’s procedures. Positive clones (4/192)
were identified by PCR and Southern blot and were injected into
C57BL/6 blastocysts. Three highly chimeric males were derived
and bred with C57BL/6 females to obtain germ-line transmis-
sion. The resulting spinophilin*/~ mice were intercrossed to
produce three lines of spinophilin~/~ mice. Southern blots were
carried out on EcoRV digests of tail DNA with [3?P]dCTP-
labeled external probe. Animal use and care were in strict
accordance with protocols approved by the Institutional Animal
Care and Use Committees at the investigators’ universities.

Biochemical Measurements. Whole brains from wild-type and
knockout littermates (n = 6 for each group) were homogenized
in 10 ml of 1% SDS solution. Protein concentration of brain
homogenates was measured with the DC Protein Assay Kit
(Bio-Rad). To measure the expression level of various proteins,
an equal amount (100 ng) of total brain protein from animals of
different genotypes was run on SDS/PAGE gel and Western
blots were performed with the following antibodies. Spinophilin
antibodies were made against two peptides corresponding to
amino acids 367-390 (23) and 790-808. Neurabin antibody was
raised against the peptide from amino acids 885-903. Antibodies
against GluR1 and NR1 were purchased from Upstate Biotech-
nology. All data in this paper are expressed as means = SEM.
Student’s ¢ tests were performed to assess statistical significance.

Neuroanatomical Measurements. Thickness of hippocampal layers
from adult mice was measured on cresyl violet-stained brain
sections (n = 4 mice for each genotype). Volume of the
hippocampus was measured by the Cavalieri method (29) in
the brains of mice 10-14 weeks old. Serial sections (100 um
thick) were taken in the coronal plane from four knockout and
four wild-type brains. The identity of the brains was coded
while the measurements were taken. Starting with the first or
second section (randomly chosen), the area of the hippocam-
pus was measured on every third section. The mean area from
all of the measured sections then was multiplied by section
thickness times the total number of sections to estimate
hippocampal volume.
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Histological Procedures. Mice were perfused transcardially with
4% formaldehyde in PBS. After 1 h of postfixation in situ, brains
were removed and stored overnight in fixative at 4°C. Vibratome
sections (100 wm) were stained with a single-section Golgi
technique (30). In brief, sections were incubated in osmium
tetroxide (1% in PBS) for 30 min, rinsed in PBS (three times for
10 min each), incubated in potassium dichromate (3.5% aque-
ous) for 1.5 h, and mounted between two microscope slides. The
slides were fastened together at the top with electrical tape and
immersed in silver nitrate (1% aqueous) overnight. An insuffi-
cient number of neurons was impregnated in the hippocampus,
and we therefore examined dendritic spine density in the cau-
datoputamen. Secondary dendrites were drawn with a camera
lucida, and the number of spines per unit length of dendrite was
counted. A group of four knockouts and four wild-type litter-
mates was analyzed at postnatal day 15 (P15), and a second
group of four knockouts and four wild-type littermates was
analyzed at 2-3 months. Spines were counted on 58 segments of
secondary dendrites (total dendritic length of 4,152 um) for P15
mice and 54 segments of secondary dendrites (total dendritic
length of 4,225 um) for adult mice. In total, more than 8,000
spines were counted.

Hippocampal Cultures and Inmunocytochemistry. Neuronal cultures
were prepared from the hippocampi of wild-type and spinophilin
knockout embryos at embryonic day 16 as described previously
(31). Cultures at 7, 14, and 21 days in vitro were fixed for 20 min
with 4% paraformaldehyde in PBS containing 0.12 M sucrose
and then permeabilized in 0.3% Triton X-100 in PBS for 5 min
and rinsed twice in PBS. The cells were preincubated in 10%
BSA in PBS for 1 h at 37°C, exposed to primary antibodies
(diluted in 1% BSA in PBS) overnight at 4°C, and then rinsed in
PBS and incubated with secondary antibodies for 1 h at 37°C.
The following antibodies were used: mouse anti-tubulin (clone
DM1A) (Sigma), rabbit anti-synaptophysin (Roche Molecular
Biochemicals, Indianapolis, IN), fluorescein-conjugated anti-
mouse IgG, and rhodamine-conjugated anti-rabbit IgG (Roche).
Rhodamine-conjugated phalloidin was used to stain actin
filaments.

Electrophysiology. Whole-cell patch—clamp recording was per-
formed on acutely dissociated striatal and hippocampal neurons
from 3- to 4-week-old wild-type and knockout littermates as
described previously (26). Kainate (200 uM) was applied briefly
(2-4 sec) every 30 sec to evoke a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor currents. N-methyl-
D-aspartate (NMDA; 100 uM) was applied in the same manner
to evoke NMDA receptor currents in Mg?*-free solution. Data
were collected with PCLAMP software and analyzed with AXO-
GRAPH, KALEIDOGRAPH, and STATVIEW. Long-term depression
(LTD) and long-term potentiation (LTP) studies were carried
out in 4- to 6-week-old wild-type and knockout littermates as
described previously (32). A bipolar tungsten stimulating elec-
trode was placed in the stratum radiatum in the CA1 region, and
extracellular field potentials were recorded by using a glass
microelectrode (3-12 MQQ, filled with artificial cerebrospinal
fluid) also in the stratum radiatum. Stimulus intensity was
adjusted to produce a response of approximately 1 mV ampli-
tude, with an initial slope of approximately —0.5 mV/msec. Test
responses were elicited at 0.02 Hz. Homosynaptic LTD was
induced by prolonged low-frequency stimulation (1 Hz for 15
min). LTP was induced by tetanic stimulation (100 Hz twice for
1 sec with a 20-sec interval). Paired-pulse facilitation of the
response at various interpulse intervals (25-400 msec) also was
measured. Experiments were performed blind to genotype.

Convulsant-Induced Seizures and Neuronal Apoptosis. Spinophilin
knockout mice and wild-type littermates were injected with

9288 | www.pnas.org

a ‘i}: b -. < 10.3kb
N _gTK . pBS-KS - -
— - - POSHS 7 —_ < 13.4k0
T i e Targeting Vecler
Ev B HEB ATO A3 8 H 8 " Ss EV e o w e
2 e o m— L
ssSs8% 8 Exont Exon2 Exon3 Pobe locus c
13.4kb EcoRV fragrment i —— < Spinophiin
JEV ;B I;lB EIB H B) H S‘EVT_ i N .
Nea Exon2 Exond i Ty
10.3kb EcoR fragment
Fig. 1. Generation of spinophilin knockout mice. (a Top) Spinophilin tar-

geting vector consisted of a 3.5- and 4.0-kb homologous region flanking the
neoR gene to replace the 4.2-kb BamHI fragment containing exon 1. (Middle)
Structure of the spinophilin locus showing the first three exons. (Bottom)
Structure of the targeted spinophilin locus. External probe used for Southern
blots is shown. Restriction enzyme sites are indicated: EV, EcoRV; Ss, Sstl; B,
BamHI; H, Hindlll; El, EcoRI; N, Notl. (b) Southern blot of EcoRV-digested tail
DNA from wild-type (+/+), heterozygous (+/-), and homozygous (—/-)
littermates. (c) Western blot analysis of expression levels of spinophilin and
neurabin in brain homogenates from wild-type, heterozygous, and homozy-
gous littermates.

kainate (Research Biochemicals) or pentylenetetrazole (PTZ;
Sigma) i.p. Seizures were scored over a 2-h period according to
an arbitrary scale (33): 0, no seizure; 1, 1 seizure; 2, 2-5 seizures;
3, 610 seizures; 4, >10 seizures; 5, death or continuous tonic
clonic seizures. A partial seizure was counted as half a seizure.
One week after injection of kainate, mice were fixed by tran-
scardial perfusion with 4% paraformaldehyde. The brains were
coronally sectioned into 28-um-thick slices by using a cryostat.
The sections were stained with 0.1% cresyl violet, and terminal
deoxynucleotidyltransferase-mediated dUTP end labeling
(TUNEL) assay was performed by using the in situ cell death
detection kit (Roche) according to the manufacturer’s proce-
dures. TUNEL staining was observed by both light and confocal
microscopy.

Results

Generation of Spinophilin Knockout Mice. Standard gene-targeting
methods were used to generate mice that did not express
spinophilin. A targeting vector was constructed to replace a
4.2-kb fragment containing the first exon of spinophilin with a
neomycin-resistance selection marker. After homologous re-
combination in embryonic stem (ES) cells, the targeted allele
contained a 10.3-kb EcoRV fragment, whereas the wild-type
allele had a 13.4-kb EcoRV fragment (Fig. 1a). Four positive ES
cell clones were obtained, and three of them produced germ-line
transmission of the targeted allele. Southern blot analysis of tail
DNA from F1 littermates of intercrosses between heterozygotes
demonstrated the disruption of the spinophilin gene (Fig. 1b).
The absence of spinophilin protein in the knockouts was shown
by Western blots of total brain homogenates with two indepen-
dent antibodies, one raised against the C terminus (Fig. 1c) and
one against a middle region (23) of spinophilin (data not shown).
The expression level of spinophilin in the heterozygous mice was
reduced slightly compared with the wild-type mice. No change
was observed in the expression level of the spinophilin homo-
logue, neurabin (34), also called neurabin I (22) (Fig. 1lc).
Mendelian distribution of the knockout mice showed that no
lethality resulted from disruption of the spinophilin gene. The
three independently derived lines of knockout mice exhibited
virtually identical phenotypes.

Reduced Brain Size in Spinophilin Knockout Mice. There was a small
reduction in body weight in the spinophilin knockout mice [wild
type: 31.1 £ 1.2 g, n = 11; knockout: 26.9 = 1.6 g,n = 11; P <
0.01]. The total amount of protein in brains from the knockouts
was decreased to 77.8 = 1.9% of that in the wild-type mice (n =
6, P < 0.001), as revealed by protein concentration assays on
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Fig. 2. Reduced size of hippocampus in spinophilin knockout mice. Cresyl
violet staining of coronal sections of brain from wild-type and knockout mice.
SPy, stratum pyramidale; SR, stratum radiatum; SLM, stratum lacunosum
moleculare; Mol, dentate gyrus molecular layer. (Bar = 1 mm.)

whole brains homogenized in 1% SDS. Consistent with this
observation, the brain size of the knockouts was also smaller
than that of the wild type. This was particularly apparent in the
hippocampus, where spinophilin is most highly expressed (23)
(Fig. 2). Morphometric measurements showed that there was a
significant decrease in the thickness of several hippocampal
layers: stratum pyramidale was reduced by 38.4 = 3.7% (n = 4,
P < 0.001), stratum radiatum was reduced by 33.9 = 2.0% (n =
4, P < 0.05), stratum lacunosum moleculare was reduced by
19.5 = 1.8% (n = 4, P < 0.05), and dentate gyrus molecular layer
was reduced by 19.5 = 3.4% (n = 4, P < 0.05). Consequently,
when we measured the volume of hippocampi from spinophilin
knockout mice and wild-type littermates by using the Cavalieri
estimator on serial sections, the size of the hippocampus in
spinophilin knockout was reduced by 38.9 = 52% (n = 4, P <
0.01). Although the basis for this decrease is not clear, the
interaction between spinophilin and p70 S6 kinase (p705)
(P.B.A. and P.G., unpublished observation) might provide an
explanation, because p705°% is a key enzyme in the regulation of
protein synthesis (35, 36).

Increased Number of Dendritic Spines in Young Spinophilin Knockout
Mice. Because spinophilin is a cytoskeletal protein that is highly
enriched in dendritic spines (23), we examined its possible role
in spine formation. Golgi staining was performed to study the
morphological details of spinophilin-deficient neurons. We
counted spines in caudatoputamen from spinophilin knockout
and wild-type littermates (n = 4 for each group). This analysis
revealed more spines per unit length of dendrite in neurons from
young knockout mice (Fig. 3). At P15, there were 8.1 *+ 0.3 spines
per 10 um of secondary dendrites in wild-type neurons. In
comparison, spine density in spinophilin-deficient neurons was
10.9 = 0.8/10 wm dendrite (Fig. 3c). Although spine density was
significantly higher in the knockout (34.6 = 4.7% increase, P =
0.01 vs. wild type), the size, shape, and variability of spines did
not seem to be significantly different from that of the wild-type
littermates. The increase in spine density became statistically
insignificant in adult animals [wild type (WT): 10.0 = 0.5/10 pm;
knockout (KO): 11.0 = 0.6/10 wm, P > 0.5 vs. WT; Fig. 3c].

To further characterize dendritic morphology in the knockout
mice, we cultured hippocampal neurons at low density to esti-
mate the number of spine-like protrusions (or filopodia) and
synapses. Cells were stained at various intervals with the F-actin
stain, phalloidin, or anti-tubulin to determine the number of
spine-like protrusions or with anti-synaptophysin to determine
the number of synaptic terminals. In contrast to high-density
cultures (37), in our low-density cultures, filopodia appeared
somewhere between 14 and 21 days in vitro. In cultures from the
knockout mice, these filopodia were present much earlier in
development and in much larger numbers (Table 1). However,
the number of synaptophysin puncta was similar in the knockout
and wild-type cultures at each time point (Table 1).

During normal development, spinophilin presumably facili-
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Fig.3. Increased number of dendritic spines in young spinophilin knockout
mice. (a and b) Representative Golgi staining of a neuron in caudatoputamen
from wild-type (a) and knockout (b) littermates. (Bar = 100 um.) (c) Spine
density in wild-type (WT) and knockout (KO) littermates at P15 and adult-
hood. *, P = 0.01, compared with WT at P15.

tates the retraction of filopodia or suppresses their initial
outgrowth from the dendrite. The lack of significant increase in
spine density in the knockout mice at adult age could be due to
compensatory responses that prune the extra filopodia formed
during development.

Regulation of AMPA and NMDA Receptors Is Altered in Spinophilin
Knockout Mice. Because AMPA and NMDA receptors are highly
enriched in dendritic spines, we compared glutamate receptor
currents in wild-type and spinophilin knockout mice. No change
was observed in the expression level of the AMPA receptor
GluR1 subunit or the NMDA receptor NR1 subunit (data not
shown). Using whole-cell patch—clamp recording of acutely
dissociated striatal neurons, which retain proximal processes but
do not have synapses, we found that the PP-1-mediated “run-
down” of AMPA receptor currents (26) seen in the wild-type
mice was greatly reduced in the knockouts. In the wild-type
neurons, the amplitude of AMPA receptor currents gradually
declined over 10 min of recording to 74.5 * 2.7% of the initial
value (n = 8). In contrast, in neurons from the knockout mice,
the current at 10 min was 94.1 + 2.2% of the initial value (n =
8, P < 0.01 vs. wild type). A representative experiment is shown
in Fig. 4 a and b. These data are consistent with a role for
spinophilin in the targeting of PP-1 to AMPA receptors, thereby
promoting its down-regulation (26).

Table 1. Number of spine-like protrusions and synaptophysin
puncta in hippocampal cultures

Spine-like Synaptophysin

protrusions/100 wm puncta/100 um
Days in vitro Wild type Knockout Wild type Knockout
7 0 38 = 5* 9+05 10 £ 0.5
14 0 43 + 8* 8+04 9+0.7
21 13+2 46 + 4% 10 £ 0.9 9+0.8

Neurons were stained with antibodies against tubulin (to count spine-like
protrusions) and synaptophysin (to count synaptophysin puncta). Sixty neu-
rons from three cultures were analyzed for each time point. Results are
expressed as means + SEM. *, P < 0.001, compared with wild type.
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Fig.4. Dysregulation of glutamate receptor current in spinophilin knockout

mice. (a) Time course of AMPA receptor current amplitude in acutely dissoci-
ated striatal neurons from wild-type and knockout mice. (b) Traces for record-
ings at 1 min and 10 min, as indicated by asterisks in a. (Bars = 0.5 nA, 1 sec.)
(c) Effects of calyculin A (1 uM) on NMDA receptor current in hippocampal
neurons from wild-type and knockout mice. (d) Traces for recordings, before
(CTL) and during (+CL-A) application of calyculin A (1 M), as indicated by
asterisks in c. (Bars = 0.2 nA, 1 sec.)

Because PP-1 also plays a role in the regulation of NMDA
receptors (28, 38, 39), we examined the involvement of spinophi-
lin in the modulation of NMDA receptor currents. Inhibiting
PP-1/2A with calyculin A reversibly enhanced NMDA receptor
currents in acutely dissociated hippocampal neurons from wild-
type mice (24.8 = 5.6% increase, n = 6). However, this effect
was attenuated significantly in the spinophilin knockouts (4.5 +
1.9% increase, n = 7, P < 0.05 vs. wild-type). A representative
experiment is shown in Fig. 4 ¢ and d. These results indicate that
PP-1 cannot effectively regulate NMDA receptors in the absence
of spinophilin, suggesting that spinophilin may also target PP-1
to NMDA receptors. In contrast, the dopamine D; agonist-
induced, PP-1-mediated increase of y-aminobutyric acid type A
(GABA\,) receptor currents (40) was similar in wild-type and
spinophilin knockout mice (data not shown). The coenrichment
of glutamate receptors and spinophilin in dendritic spines,
together with the results on AMPA, NMDA, and GABAA
receptors, suggest that spinophilin may specifically modulate
excitatory neurotransmission through anchoring PP-1 in the
proximity of ionotropic glutamate receptors.

Spinophilin Knockout Mice Exhibit Reduced LTD, but Normal LTP.
Because the above studies indicated that spinophilin regulates
glutamate receptors, we examined the possible role of spinophi-
lin in two major forms of synaptic plasticity in the Schaffer
collateral/CA1 pathway in hippocampal slices: LTD and LTP.
LTD induced by low-frequency stimulation (1 Hz, 15 min) was
49.6 = 13.6% of prestimulation value in the wild-type mice (n =
6) and was greatly reduced in the knockout mice (93.1 = 9.4%
of prestimulation value, n = 8; P < 0.01) (Fig. 5 a and b). In
contrast, there was no significant change in LTP induced by a
two-train tetanic stimulation (wild type: 207.0 * 40.4% of
prestimulation value, n = 8; knockout: 193.9 = 223% of
prestimulation value, n = 8; P > 0.3; Fig. 5 ¢ and d). Paired-pulse
facilitation, a form of presynaptic plasticity, also was unaffected
(data not shown). These results complement previous studies
showing that PP-1 is required for LTD (41, 42). Thus, it is likely
that spinophilin localizes PP-1 activity to those substrates in
spines that mediate the induction of LTD. In contrast, the lack
of change in LTP is consistent with the observation that PP-1
activity is not required for its induction (41, 43).
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Fig. 5. Reduction of LTD, but not LTP, in spinophilin knockout mice. (a) LTD
in wild-type and knockout mice after low-frequency stimulation. (b) Repre-
sentative traces for recordings before (Pre) and 45 min after (Post) low-
frequency stimulation. (Bars = 1 mV, 10 msec.) (c) LTP in wild-type and
knockout mice in response to high-frequency stimulation. Double triangles
indicate two tetanic stimulations (100 Hz for 1 sec each, with a 20-sec interval).
(d) Representative traces for recordings before (Pre) and 45 min after (Post)
high-frequency tetanic stimulation. (Bars = 1 mV, 10 msec.)

Spinophilin Knockout Mice Are Resistant to Kainate-Induced Seizures
and Neuronal Apoptosis. The altered regulation of glutamate
receptors in spinophilin knockout mice led us to examine the
possible involvement of spinophilin in kainate-induced seizures.
Intraperitoneal injection of kainate at 20 mg/kg caused multiple
episodes of severe systemic seizures in wild-type mice, but either
no seizure or very mild partial seizures in knockout littermates
(Fig. 6a). The resistance to kainate-induced seizures was no
longer observed when the dosage was increased to the sublethal
level of 30 mg/kg (Fig. 6a). To test seizure resistance of
spinophilin knockout mice to a convulsant not acting directly on
the glutamatergic system, we also measured seizures caused by
PTZ, which targets the GABAergic system. Spinophilin knock-
out mice were partially resistant to PTZ-induced seizures at
60 mg/kg dosage, but not at the sublethal dosage of 90 mg/kg
(Fig. 6b).

Systemic administration of kainate causes apoptosis in hip-
pocampal neurons (33, 44, 45). However, in the spinophilin
knockout mice, kainate (20 mg/kg) failed to induce apoptosis in
CALl neurons. Seven days after kainate injection, wild-type
neurons exhibited cell death with shrunken cell bodies (Fig. 6¢).
In contrast, the spinophilin™'~ neurons showed a normal mor-
phology (Fig. 6d), which was similar to that of saline-injected
wild-type and knockout mice (data not shown). When TUNEL
staining was performed on these neurons, the wild-type tissue
showed a strong, positive signal for broken DNA ends, a
hallmark for apoptosis, whereas the tissue from spinophilin
knockout mice had virtually no apoptotic neurons (Fig. 6 e-h).
In other experiments, high-density hippocampal cultures were
treated with 100 uM glutamate for 24 h and then analyzed by
TUNEL staining for excitotoxicity-induced apoptosis. In the
wild-type cultures, 39.2 = 3.1% of the neurons died by apoptosis;
in contrast, only 10.0 = 1.3% of spinophilin ~/~ neurons died (n =
5, P <0.001), confirming the protective effects of the spinophilin
null mutation. It seems likely that the alteration in the physio-
logical properties of glutamate receptors in the spinophilin™~
mice contributes to the loss of susceptibility to seizures and
apoptosis of these mice.

Discussion

The results of the present study provide molecular and cellular
evidence that spinophilin plays an important role in the forma-
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seizures and apoptosis. (a) Kainate-induced seizures in wild-type (WT) and
knockout (KO) mice. *, P < 0.001, compared with WT (n = 14 for WT; n = 13
for KO). (b) PTZ-induced seizures in WT and KO mice. **, P < 0.05, compared
withWT (n = 12 for WT and KO). (cand d) Cresyl violet staining of hippocampal
CA1 neurons from wild-type (c) and knockout (d) mice 1 week after systemic
injection of kainate. Shrinkage because of cell death, seen in wild-type neu-
rons, was not present in neurons from the knockout mice. (Bars = 100 um.)
(e—h) TUNEL staining. (e and f) Light microscopy of hippocampal CA1 neurons
from wild-type (e) and knockout (f) mice. Positive staining in the wild type
demonstrated that neuronal death was due to apoptosis. (Bars = 100 um.) (g
and h) Confocal microscopy of cell bodies of CA1 neurons from wild-type (g)
and knockout (h) mice. Broken DNA ends were labeled with FITC (green). The
slices then were counterstained with an irrelevant rhodamine-conjugated
secondary antibody (red) to highlight the tissue. (Bars = 10 pm.)

tion and function of dendritic spines. Spinophilin-deficient mice
displayed an increased number of spines early in development.
Moreover, cultured neurons from the knockout mice had more
filopodia or spine-like protrusions but the same number of nerve
terminals compared with that from wild-type mice. The exact
manner by which spinophilin regulates filopodial dynamics and
whether this involves an effect on filopodial extension or retrac-
tion await quantitative analyses of the growth rate of these
protrusions at various developmental stages using live imaging
and three-dimensional reconstruction by electron microscopy.
There are several possible mechanisms by which spinophilin
might regulate the dynamic morphological changes of filopo-
dia. One such mechanism would be an interaction with the
actin cytoskeleton (22), because altering the state of polymer-
ization of actin is known to affect spine morphology (18).
Spinophilin has an actin-binding domain at its N terminus and
can bundle F-actin filaments (22). Within the actin-binding
domain of spinophilin, there are several consensus phosphor-
ylation sites for protein kinase A (PKA), protein kinase C
(PKC), and Ca?*/calmodulin-dependent kinases. Phosphory-
lation of spinophilin by one or more of these kinases might
regulate the interaction between spinophilin and actin, thereby
reorganizing the actin-based cytoskeleton in dendritic spines.
Another possible mechanism by which spine formation might
be altered in the knockout mice is through PP-1-mediated
changes in the phosphorylation state of the actin cytoskeleton.
It has been shown that PP-1 regulates cell morphology by
dephosphorylation of the actin cytoskeleton (46). Spinophilin,
through its PP-1-binding domain, is thought to recruit PP-1 to
dendritic spines, thus facilitating the dephosphorylation of tar-
geted substrates. The direct interactions of spinophilin with actin
and PP-1 may provide a highly localized mechanism for regu-
lating the phosphorylation state of the actin cytoskeleton.
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Regulation of glutamate receptor activity by spinophilin pro-
vides another possible mechanism for the effect on spine density.
Previous studies indicated that AMPA receptor activity is re-
quired for the maintenance of dendritic spines. Application of
AMPA receptor agonists to hippocampal slice cultures can
specifically restore the loss of dendritic spines caused by lesions
(14). In the spinophilin knockout mice, AMPA receptor currents
were more persistent, presumably because of the removal of PP-1
from the immediate vicinity of AMPA receptors. This is func-
tionally equivalent to increased application of AMPA, which is
capable of producing more dendritic spines under lesion condi-
tions. It is conceivable that increased AMPA receptor currents
in the spinophilin knockout mice may lead to biochemical
changes in the filopodia to enhance their structural stability.

The present study is consistent with a role for spinophilin as
a targeting protein for PP-1. The substrate specificity of the
pleiotropic enzyme PP-1 is thought to be achieved by a multitude
of binding partners (47-49). A variety of cellular processes are
dependent on the precise localization of the catalytic subunit of
PP-1. Spinophilin, by targeting PP-1 to specific substrates in
dendritic spines, controls the phosphorylation states of these
substrates. Among them, the AMPA and NMDA receptors play
critical functions in synaptic transmission and plasticity. Previous
studies suggested that PP-1 regulates the activity of these chan-
nels (27, 28). Our present data have provided physiological
evidence that spinophilin plays an important role in regulating
glutamate receptors by anchoring PP-1 in the proximity of
AMPA and NMDA receptors. In the absence of spinophilin,
AMPA receptors were no longer subjected to down-regulation
by PP-1, which resulted in more persistent AMPA receptor
currents. The enhancement of NMDA receptor currents by PP-1
inhibitors seen in the wild-type mice was greatly attenuated in
the knockout mice, suggesting that modulation of NMDA re-
ceptors by PP-1 also was lost in spinophilin-deficient neurons.
Although there are other PP-1-binding proteins in dendritic
spines, the functional uncoupling of PP-1 from AMPA and
NMDA receptors in the spinophilin knockout mice indicates that
spinophilin plays a key role in the regulation of their activities.

Dysregulation of glutamate receptor currents in spinophilin-
deficient neurons apparently leads to specific changes in neu-
ronal circuits. Thus, long-term depression was greatly reduced in
the knockout mice, whereas long-term potentiation and paired-
pulse facilitation were unchanged. These observations are con-
sistent with previous studies on the critical involvement of PP-1
in LTD, but not in LTP (41-43). Our results demonstrate that
spinophilin is crucial for certain forms of synaptic plasticity, such
as LTD, but not LTP.

The possible contribution of the alteration of AMPA receptor
currents to the effects on kainate-induced seizures and apopto-
sis, seen in the spinophilin knockout mice, will require further
studies. In addition, it is possible that the effects of spinophilin
deletion on seizures and apoptosis might be attributable to the
regulation by PP-1 of targets other than glutamate receptors.

Another intriguing phenotype of spinophilin knockout mice is
the reduction in brain size, especially that in the hippocampus.
This decrease could be due to a reduction in cell number, length,
or size of the dendritic tree, single-cell volume, or extracellular
space. The exact cause for the reduction awaits thorough mor-
phological measurements. One possible mechanism underlying
this phenotype might be the interaction between spinophilin and
p705¢k. As documented for neurabin (50), spinophilin interacted
with p705° in vitro (P.B.A. and P.G., unpublished observation).
P705%k is critically involved in the regulation of protein synthesis
and cell growth (35, 36). It is possible that spinophilin may
influence localized protein synthesis through its interaction with
p705°k and thus might contribute to the observed reduction in
brain size and body weight.
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In conclusion, our results indicate that spinophilin is involved
in the regulation of spine density and synaptic activity; it may be
an important component of the intracellular mechanisms linking
those two parameters.
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